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aPKC Acts Upstream of PAR-1b in Both
the Establishment and Maintenance
of Mammalian Epithelial Polarity
Introduction
The physiological functions of epithelial cells depend
on the asymmetric organization of cellular components
such as the plasma membrane, organelles, and the cy-
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toskeleton along the apicobasal axis [1]. The molecularYoshihiro Miwa,2 and Shigeo Ohno1,*
mechanism by which this apicobasal polarity of epithe-1Department of Molecular Biology
lial cells is generated has been intensively investigated,Yokohama City University School of Medicine
and recent progress in the understanding of evolution-Yokohama 236-0004
arily conserved cell polarity machinery has provided sig-Japan
nificant breakthrough in this field [2]. Genetic screens in2 Department of Pharmacology
Caenorhabditis elegans have identified several proteins,Institute of Basic Medical Science
PAR-1 to PAR-6, that are essential in establishing theUniversity of Tsukuba
anterior-posterior (A-P) polarity of the embryo [3]. Sub-Ibaraki 305-8575
sequent studies have revealed that among these PARJapan
proteins, PAR-3 and PAR-6 form a ternary complex with
aPKC, which critically works in the initial step of cell
polarization as a core cassette in different cell types of
various species [4]. In epithelia, the protein complexSummary
is asymmetrically enriched in the subapical region of
Drosophila embryonic epidermis or TJ in cultured epi-Background: aPKC and PAR-1 are required for cell po-
thelial cells of mammals and plays an indispensablelarity in various contexts. In mammalian epithelial cells,
role in the development of belt-like adherens junctionalaPKC localizes at tight junctions (TJs) and plays an indis-
structures (zonula adherens) essential to the establish-pensable role in the development of asymmetric inter-
ment and maintenance of the apicobasal polarity of epi-cellular junctions essential for the establishment and
thelial cells [5–7]. Recent studies have further revealedmaintenance of apicobasal polarity. On the other hand,
that a regulatory hierarchy between aPKC/PAR-3/PAR-6one of the mammalian PAR-1 kinases, PAR-1b/EMK1/
and other evolutionarily conserved protein complexes,MARK2, localizes to the lateral membrane in a compli-
Crb/Sdt/Patj and Scrib/Dlg/Lgl, is crucially involved in
mentary manner with aPKC, but little is known about its
the regulation of epithelial cell polarization [8–10].
role in apicobasal polarity of epithelial cells as well as
In addition to aPKC/PAR-3/PAR-6, the serine/threo-
its functional relationship with aPKC.
nine kinase PAR-1 is also implicated in regulating cell
Results: We demonstrate that PAR-1b is essential for polarity in various biological contexts. In the C. elegans
the asymmetric development of membrane domains of embryo, PAR-1 is required in the segregation of the P
polarized MDCK cells. Nonetheless, it is not required granules along the A-P axis and asymmetric positioning
for the junctional localization of aPKC nor the formation of the mitotic spindle [11]. Similarly, PAR-1 is essential
of TJs, suggesting that PAR-1b works downstream of to the A-P polarization of the Drosophila oocyte at two
aPKC during epithelial cell polarization. On the other distinct stages of oogenesis [12–15]. The requirement
hand, aPKC phosphorylates threonine 595 of PAR-1b of PAR-1 in epithelial polarity is also suggested in Dro-
and enhances its binding with 14-3-3/PAR-5. In polar- sophila and mammals: the deletion of PAR-1 from Dro-
ized MDCK cells, T595 phosphorylation and 14-3-3 bind- sophila follicular cells results in microtubule cytoskele-
ing are observed only in the soluble form of PAR-1b, ton destabilization and defects in epithelial shape and
and okadaic acid treatment induces T595-dependent organization [12, 16]. The overexpression of a mutant
dissociation of PAR-1b from the lateral membrane. Fur- lacking the kinase domain of mammalian PAR-1b (one
thermore, T595A mutation induces not only PAR-1b of the four PAR-1 homologs [17–20]) in a canine epithelial
leakage into the apical membrane, but also abnormal cell line, MDCK cells, causes the exclusion of cells from
development of membrane domains. These results sug- the monolayer [21].
gest that in polarized epithelial cells, aPKC phosphory- Interestingly, in a variety of polarized cells, the aPKC/
lates PAR-1b at TJs, and in cooperation with 14-3-3, PAR-3/PAR-6 complex and PAR-1 exhibit complemen-
promotes the dissociation of PAR-1b from the lateral tary localizations along the polarity axis of each cell. In
membrane to regulate PAR-1b activity for the membrane the C. elegans one-cell embryo as well as the Drosophila
domain development. late oocyte, they segregate along the A-P axis: the
aPKC/PAR-3/PAR-6 complex localizes at the anteriorConclusions: These results suggest that mammalian
cortex, whereas PAR-1 is at the posterior cortex [11,aPKC functions upstream of PAR-1b in both the estab-
22, 23]. In Drosophila and mammalian epithelial cells,lishment and maintenance of epithelial cell polarity.
they segregate along the apicobasal axis: PAR-1 local-
izes at the basolateral membrane in contrast with the
apical localization of the aPKC/PAR-3/PAR-6 complex*Correspondence: abell@med.yokohama-cu.ac.jp (A.S.); ohnos@
med.yokohama-cu.ac.jp (S.O.) [12, 15, 21]. These observations raise questions whether
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the functional hierarchy of the aPKC/PAR-3/PAR-6 com- Despite these significant defects in epithelial polarity,
the PAR-1b-depleted cells exhibited a relatively normalplex and PAR-1 is conserved evolutionarily. Initial stud-
staining of ZO-1, suggesting a possibility that TJ struc-ies on the C. elegans embryo suggested that PAR-1
tures are not severely affected (Figure 1B). Consistentacts downstream of the aPKC/PAR-3/PAR-6 complex
with this finding, transepithelial resistance (TER) mea-since PAR-1 mutations have little effect on the anterior
surement indicated that PAR-1b-depleted cells developlocalization of the aPKC/PAR-3/PAR-6 complex, whereas
functional TJs (Figure 1C). These cells even achieved adefects in PAR-3 and PAR-6 disrupt PAR-1 localization
higher TER despite their less compact appearance and[24, 25]. However, studies on the Drosophila late oocyte
decreased cell number (5.2  0.6  105 cells/cm2 forreported that defects in BAZ (PAR-3 homolog) and
control cells versus 4.1  0.6  105 cells/cm2 for PAR-PAR-6 do not affect the posterior localization of PAR-1
1b RNAi cells at the last time point in Figure 1C). Consis-[15, 26]. Rather, the anterior localization of BAZ was
tently, the TJ accumulation of aPKC and PAR-3 didshown to be disrupted in PAR-1 mutants [22, 23]. Fur-
not decrease in the PAR-1b-depleted cells (Figure 1D).thermore, the apical localization of aPKC was severely
aPKC in the PAR-1b-depleted cells showed ratherdisrupted in par-1 null clones of Drosophila follicular
stronger signals at TJ than in the control cells. Theseepithelial cells when induced early in oogenesis [16, 22].
results suggest that PAR-1b is not critically required forThese results indicate that, in contrast to the situation
the asymmetric localization of the aPKC/PAR-3/PAR-6in the C. elegans embryo, PAR-1 acts upstream of the
complex and TJ development.aPKC/BAZ/PAR-6 complex in these Drosophila cells. A
On the other hand, reciprocal experiments in whichrecent study by Benton et al. has further provided the
aPKCwas subjected to RNAi knockdown indicates thatmolecular basis of this regulation [22]: PAR-1 phosphor-
TJ development promoted by the aPKC/PAR-3/PAR-6ylates BAZ and destabilizes the aPKC/BAZ/PAR-6 com-
complex is required for the lateral localization of PAR-plex assembly by inducing interaction between BAZ and
1b (Figures 2A and 2B): stable MDCK transformants14-3-3. They present a model in which PAR-1 antago-
lacking aPKC could not be obtained, probably due tonizes aPKC/BAZ/PAR-6 activity to establish comple-
the highly essential role of this kinase in the survival ofmentary cortical domains in epithelial cells and the
MDCK cells, which express a much lower amount ofoocyte.
aPKC than aPKC (Figure 2A). However, by the tran-We have previously demonstrated the crucial role of
sient transfection of a siRNA oligonucleotide, we couldthe aPKC/PAR-3/PAR-6 complex in the establishment
knock down aPKC (Figure 2A) and demonstrate that
of mammalian epithelial polarity [7, 27, 28]. Here, we
aPKC depletion results in the failure of TJ formation
investigate the function of PAR-1b/EMK1/MARK2 [17,
after a calcium switch, as we previously demonstrated
19] in the apicobasal polarity of mammalian epithelial using a dominant-negative mutant of aPKC (Figure 2B;
cells and its relationship with the aPKC/PAR-3/PAR-6 [28]). Further, the cell-cell contact regions lacking TJ
complex. The present results extend the recent study exhibited a decreased accumulation of PAR-1b in
of Hurov et al. that aPKC phosphorylates PAR-1b and aPKC-depleted cells (Figure 2B). Consistently, the lat-
thus regulates its localization in nonpolarized cells [29] eral translocation of PAR-1b was predominantly ob-
and suggest that aPKC phosphorylates PAR-1b at TJs served after the completion of TJ development (Figure
and in cooperation with 14-3-3 antagonizes PAR-1b ac- 2C): the lateral membrane accumulation of PAR-1b did
tivity for promoting the membrane domain development. not reach a plateau until 6 hr after a calcium switch
when TJ development was almost completed [27]. In
Results and Discussion addition, immature cell-cell contact regions positive for
E-cadherin and PAR-3 but not for PAR-1b were easily
PAR-1b Serves to Develop Asymmetric Membrane identified in sparsely seeded cells at the periphery of
Domains after the Completion of TJ Development cell islands (arrowheads in Figure 2D). It should be noted
during the Establishment of Epithelial Polarity that the present results do not completely exclude the
To analyze the functional relationship between aPKC possibility that PAR-1b affects the development of cell
and PAR-1b, we established MDCK cells that stably junctional structures. However, the above results are
express shRNA for PAR-1b RNAi under the control of consistent with the notion that PAR-1b acts downstream
the polymerase III H1 promoter subcloned in an Epstein- of aPKC during the polarization of mammalian epithelial
Barr virus (EBV)-based plasmid vector (see Experimen- cells. Furthermore, they suggest an intriguing possibility
tal Procedures) [30]. Western blot analysis showed a that epithelial polarization can be divided into two dis-
significantly reduced level of PAR-1b in the cells, and tinct phases in which cell polarity proteins are differen-
immunofluorescence analysis showed the disappear- tially involved: the initial phase involves the development
ance of the PAR-1b signal on the lateral membrane (Fig- of epithelium-specific junctional structures and the sec-
ures 1A and 1B). Consistent with the recent results of ond phase involves the development of membrane po-
Cohen et al. [31], MDCK cells with a reduced PAR-1b larity. This is consistent with a report that the polarization
level showed a weaker staining of an apical marker, of the basolateral membrane domain proceeds much
gp135, and a less developed columnar shape with a later than the completion of TJ development during the
shorter lateral membrane than the control cells (Figures epithelial polarization of MDCK cells [32].
1B and 1D). Furthermore, peripheral F-actin staining was
markedly weak in these cells, suggesting defects in the T595 Phosphorylation by aPKC Induces
asymmetric development of submembranous cytoskel- the Dissociation of PAR-1b
etal structures (Figure 1B). These results indicate that from the Lateral Membrane
PAR-1b is essential for the asymmetric development of Recently, Hurov et al. have demonstrated that aPKC
phosphorylates evolutionarily conserved threonine 595the membrane domains of MDCK cells.
Functional Hierarchy between aPKC and PAR-1b
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Figure 1. PAR-1b Is Essential for the Development of Epithelial Membrane Domains but Not of TJ
(A) Western blot data showing the specific loss of PAR-1b in MDCK cells stably expressing shRNA for PAR-1b RNAi. MDCK total extracts
were probed with anti-PAR-1b or anti--actin antibodies as indicated. Lanes 1 and 2, diluted extracts of MDCK cells expressing a human
PAR-1b isoform corresponding to EMK1/MARK2 or its 54 isoform (see Figure S1). Lanes 3–5, stable MDCK cell extracts were loaded as
indicated.
(B) Confocal z-sectional views of control (scramble sequence) and PAR-1b RNAi MDCK cells stained for PAR-1b (green) and gp135 (red) in
top panels, or PAR-1b (green), ZO-1 (red), and F-actin (blue) in bottom panels. A merged view (PAR-1b and ZO-1) is also presented. For PAR-
1b RNAi transformants, cells with remaining PAR-1b expression are intentionally included to provide a good control for the effect of PAR-1b
depletion.
(C) TER development of control and PAR-1b RNAi MDCK cells after seeding at 1.5  105 cells/cm2 on transwell membranes at time 0. Closed
circle, scramble; closed triangle, laminA/C; open square, PAR-1b RNAi cells.
(D) Lamin A/C and PAR-1b RNAi MDCK cells stained for aPKC (green) and PAR-3 (red). Projected views of confocal sections are presented
(left). Corresponding z-sectional views of each cell are also shown in the right panels with E-cadherin staining data (blue). Scale bars equal
10 m.
in the spacer region of PAR-1b (this corresponds to ther confirmed the results using the total cell extract
prepared by directly adding SDS sample buffer to cellsT562 of the PAR-1b isoform registered as human EMK1/
MARK2) ([29]; see Figure S1). Using an aPKC inhibitor (Figure 3B). Consistent with the above results, T595
phosphorylation of overexpressed PAR-1b was rapidly(PS: myristoylated aPKC pseudosubstrate peptide)
and aPKC RNAi, we firmly confirmed that this site is downregulated in MDCK cells at the late stage of cell
polarization induced by a calcium switch method (4–8phosphorylated by aPKC in MDCK cells (Figure S1).
Interestingly, endogenous PAR-1b immunoprecipitated hr), suggesting that the dephosphorylation of T595 oc-
curs during epithelial cell polarization. Figure 3C furtherfrom depolarized MDCK cells showed a higher T595
phosphorylation level than that immunoprecipitated from shows that, even in polarized cells, the addition of oka-
daic acid (OA), a specific inhibitor of PP2A, caused apolarized cells (Figure 3A). Since T595 phosphorylation
is amenable to dephosphorylation (see below), we fur- significant increase in the level of T595 phosphorylation
Current Biology
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Figure 2. PAR-1b Acts Downstream of aPKC
during the Epithelial Polarization of MDCK
Cells
(A) Western blot data showing the specific
knockdown of aPKC in MDCK cells. Cells
were transfected with siRNA oliogonucleo-
tide for canine aPKC, the sequence of which
shows 68% identity with that of canine
aPKC. Cells were harvested 54 hr after trans-
fection. Note that in aPKC-depleted cells,
signal intensity detected by the antibody re-
active to both aPKC and  (middle) was
reduced to a similar extent to that detected by
aPKC-specific antibody (top). This suggests
that aPKC is the predominant aPKC in
MDCK cells.
(B) Effects of RNAi depletion of aPKC on TJ
regeneration and the lateral translocalization
of PAR-1b after a calcium switch. MDCK cells
were subjected to a calcium switch 2 days
after siRNA-oligonucleotide transfection.
Cells were fixed 12 hr after the calcium switch
and stained for PAR-3 and PAR-1b. Projected
views of confocal sections covering the api-
cal to basal membrane are presented.
(C) Time course of PAR-1b translocation to
the lateral membrane in MDCK cells after a
calcium switch. Cells cultured on transwell
filters were doubly stained with anti-PAR-1b
and anti-E-cadherin antibodies as indicated.
Each xy view represents a single confocal
section in which E-cadherin staining is ob-
served most intensely.
(D) Comparison of accumulation of E-cad-
herin, PAR-3, and PAR-1b at the cell-cell con-
tact regions of less polarized MDCK cells cul-
tured on coverslips at a low cell density.
Projected views of confocal sections are pre-
sented. Arrowheads indicate the cell-cell
contact regions in which E-cadherin and
PAR-3 are present, whereas PAR-1b is ab-
sent. Scale bars equal 20 m.
of PAR-1b stably expressed in MDCK cells. The corre- dent manner [29]. To further confirm this possibility, we
fractionated polarized MDCK cell extracts by sequentialsponding band also gradually appeared in control cells
(stably expressing GFP), suggesting that the upregula- centrifugation and found that T595 phosphorylation is
predominantly observed for soluble PAR-1b (Figures 4Ation of T595 phosphorylation of endogenous PAR-1b
was also induced by OA (Figure 3C, right panels). These and 5D). Moreover, the T595A mutant was not parti-
tioned in the soluble fraction (Figure 4A), supporting theresults suggest that T595 is subjected to continuous
phosphorylation by aPKC even in polarized MDCK cells, notion that T595 phosphorylation is essential to PAR-
1b dissociation from cytoskeletal and/or membranouswhich is antagonized by a high dephosphorylation activ-
ity of PP2A. Consistently, we detected a trace but sub- structures.
To examine the effect of T595 phosphorylation onstantial amount of the catalytic subunit of PP2A in the
immunoprecipitate of endogenous PAR-1b from polar- PAR-1b localization in MDCK cells at the immunocyto-
chemical level, we next examined the effect of OA treat-ized MDCK cell extracts (Figure 3D).
The change in T595 phosphorylation level during epi- ment. The localization of ZO-1 and E-cadherin as well
as TER of polarized cells were not significantly affectedthelial cell polarization raises an intriguing possibility
that T595 dephosphorylation is directly involved in the by OA treatment (50 nM for 8 hr) (Figure 4B, data not
shown). Nevertheless, the lateral localization of endoge-lateral localization of PAR-1b. Consistently, Hurov et al.
reported that the coexpression of aPKC and PAR-1b nous PAR-1b was severely inhibited in many cells, in
which lateral membrane length often decreased: cellsresults in the dissociation of PAR-1b from the plasma
membrane of nonpolarized HeLa cells in a T595-depen- lacking PAR-1b at the lateral membrane formed TJ very
Functional Hierarchy between aPKC and PAR-1b
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Figure 3. PAR-1b Is Phosphorylated by
aPKC in Depolarized MDCK Cells and Pre-
dominantly Dephosphorylated by PP2A in a
Polarized State
(A) Western blot analysis of endogenous
PAR-1b immunoprecipitated from depolar-
ized (LC) or polarized (NC) MDCK cells to
monitor T595 phosphorylation. The immuno-
precipitates were probed with anti-PAR-1b-
and anti-phospho-T595-specific antibody
(T595-P) as indicated.
(B) Polarity-dependent change in T595 phos-
phorylation of PAR-1b. MDCK cells were
transfected for 2 days with an expression
vector for His/T7-PAR-1b (wt or T595A) and
then subjected to a calcium switch. Cells
were directly solubilized with Laemmli sam-
ple buffer and subjected to Western blot anal-
ysis with indicated antibodies. Omni is the
anti-T7/His tag antibody.
(C) The effect of okadaic acid (OA) on T595
phosphorylation of exogenous (left) and en-
dogenous (right) PAR-1b. MDCK cells stably
expressing T7/His-PAR-1b wt (left) or GFP
(right) were prepared using the EBV-based
vector. 50 nM OA was added to highly polar-
ized cells for the indicated duration, and total
cell extracts were prepared as in (B). Samples were subjected to immunoblot analysis with the indicated antibodies.
(D) Western blot analysis of endogenous PAR-1b immunoprecipitated from polarized MDCK cells to monitor coimmunoprecipitation of the
catalytic subunit of PP2A.
close to the basal membrane (Figure 4B; arrows in bot- tion is the change in the intracellular localization of its
binding partner [34]. Therefore, it is plausible that thetom panel). Figure 4C shows that the inhibition is specific
for T595 dephosphorylation, because the OA treatment phospho-T595-specific binding of 14-3-3 is involved in
the dissociation of PAR-1b from the lateral membrane.induced the dissociation of wild-type PAR-1b, but not
that of the T595A mutant, from the lateral membrane. Consistently, when endogenous PAR-1b was precipi-
tated from polarized MDCK cells, the interaction withThese results support the notion that T595 dephosphoryla-
tion is required for stable lateral localization of PAR-1b. 14-3-3 was exclusively observed for soluble PAR-1b,
but not for membrane bound PAR-1b whose T595 was
phosphorylated to a lesser extent than that of soluble
The Binding of 14-3-3/PAR-5 to PAR-1b PAR-1b (Figure 5D). Figure 5D further shows that, in
Is Regulated by T595 Phosphorylation contrast to 14-3-3, aPKC was predominantly precipi-
14-3-3 corresponds to PAR-5 identified in C. elegans tated with membrane bound PAR-1b. Taken together,
[33] and binds to the kinase domain of PAR-1 in Dro- these results suggest a model that T595 of PAR-1b is
sophila [26]. Figure 5A demonstrates that endogenous phosphorylated by aPKC at the membrane, and 14-3-3
14-3-3 also interacts with PAR-1b in MDCK cells. Inter- dissociates PAR-1b from the membrane by binding to
estingly, the interaction was significantly weakened by phospho-T595 (Figure 6D).
T595A mutation, suggesting that T595 phosphorylation
by aPKC generates additional 14-3-3 binding sites on
PAR-1b. This was confirmed by overlay assays in which T595 Phosphorylation by aPKC Is Required
for PAR-1b Exclusion from the Apicalthe C-terminal fragment of PAR-1b (C1) fused with malt-
ose binding protein (MBP) was probed with GST-14-3- Membrane and Antagonizes Its Activity
To further assess the physiological significance of T5953. As shown in Figure 5B, wild-type C1, but not C1 with
T595A mutation, directly bound to 14-3-3 only when it phosphorylation of PAR-1b in epithelial cells, we com-
pared the distribution of wild-type PAR-1b with that ofwas phosphorylated by aPKC prior to the assay. Fur-
thermore, this binding was not observed when we used a the T595A mutant in detail. As observed for endogenous
PAR-1b, overexpressed wild-type PAR-1b distributedphospho-motif binding pocket mutant of 14-3-3, K49E,
instead of wild-type 14-3-3, suggesting that the interac- laterally in MDCK cells, showing only partial overlapping
with ZO-1 as well as the aPKC/PAR-3/PAR-6 complextion is mediated by the recognition of phospho-T595
by this pocket (Figure 5C). The possibility that T595 (Figures 6A, data not shown). In contrast, the T595A
mutant exhibited complete colocalization with these TJphosphorylation indirectly affected 14-3-3 binding is ex-
cluded on the basis of the result that the binding of 14- proteins, showing a spotlike accumulation at TJ and
leakage into the apical membrane (Figures 6A and 6B,3-3 to phosphorylated wild-type C1 was specifically
abolished in the presence of an excess amount of T595- arrows). These results support a model in which aPKC
phosphorylates PAR-1b at TJ and thereby excludesphosphorylated PAR-1b peptide (11a.a; Figure 5C).
One of the general mechanisms underlying 14-3-3 ac- PAR-1b from the apical membrane to maintain the com-
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a significant enhancement of gp135 staining at the apical
membrane (Figures 6B and 7A). The asymmetrical pe-
ripheral staining of F-actin was also enhanced, although
the enhancement of the basal stress fibers was most
prominent (Figures 7A and 7B). Similar phenotypes were
also observed in wild-type PAR-1b-overexpressing cells
that remained in a monolayer but to a lesser extent than
T595A mutant-expressing cells (Figures 6 and 7). Since
a kinase knockout mutant (PAR-1b kn: K82M) induced
none of these phenotypes, kinase activity is essential
for these effects of PAR-1b overexpression (Figure 6B).
Importantly, the phenotypes induced by T595A mutant
are the reverse of those observed in PAR-1b-depleted
cells (Figure 1B). This suggests that T595A mutant over-
expression caused an abnormal enhancement of endog-
enous PAR-1b functions in promoting membrane polar-
ity development. The differences between the effect of
wild-type PAR-1b and T595A mutant further indicate
that the lateral membrane localization is essential for
PAR-1b to exert its functions (see below). Furthermore,
these results provide one of the reasonable answers to
the question why aPKC restricts the localization of PAR-
1b and manages to maintain mutual complementary lo-
calization in epithelial cells. That is, they suggest that
aPKC antagonizes PAR-1b activity in normal epithelial
cells by regulating the amount of PAR-1b accumulated
Figure 4. Dephosphorylation of T595 Is Essential for the Lateral at the lateral membrane and thereby maintains the ap-
Localization of PAR-1b propriate development of asymmetric membrane do-
(A) Subcellular fractionation of MDCK cells to monitor distribution mains. This means that aPKC functions not only for
of endogenous and exogenous PAR-1b. Highly polarized MDCK establishing epithelial polarity as we demonstrated pre-
cells with or without a stable expression of His/T7-tagged PAR-1b
viously [27, 28], but also for its maintenance through(wt or T595A) were homogenized in a buffer without detergent and
regulation of the development of membrane domains.fractionated by successive centrifugation as described in Experi-
The functional relationship between aPKC, PAR-1b,mental Procedures. Normalized amount of each fraction was sepa-
rated by SDS-PAGE and analyzed by Western blotting with the and 14-3-3/PAR-5 suggested in this study is different
indicated antibodies. Asterisks indicate nonspecific bands detected from that suggested for Drosophila epithelial cells [22].
by the anti-tag antibody (omni probe). In Drosophila follicle cells, PAR-1 inhibits the lateral inva-
(B) Distribution of endogenous PAR-1b in polarized MDCK cells
sion of aPKC, and the phospho-motif binding site of 14-treated with 50 nM OA or the vehicle (100% DMSO) for 8 hr. PAR-
3-3 binds to BAZ. These differences suggest the possibility1b (green) and ZO-1 (red). Projected views of confocal sections
covering the apical to basal membrane (top) as well as reconstructed that mammals and flies independently evolved similar but
z-sectional views (bottom) are presented. distinct mechanisms that regulate epithelial cell polarity
(C) Distribution of stably expressed T7/His-PAR-1b wt or T595A in using aPKC/PAR proteins. However, it is also possible
polarized MDCK cells treated with or without 100 nM OA for 6 hr.
that mutual regulations between PAR-1 and aPKC occurCells were stained for omni probe (green) and ZO-1 (red). Scale bar
in both organisms, because most of the results in eachequals 10 m.
study are not completely exclusive. For example, al-
though we observed that PAR-1b depletion from MDCK
cells did not induce the lateral leakage of aPKC and
PAR-3 (Figure 1D), we cannot exclude the possibilityplementary distribution of aPKC/PAR-3/PAR-6 and
that other mammalian PAR-1 proteins compensate forPAR-1b (Figure 6D). This model was also supported by
the PAR-1b function in these cells [17–20]. To addressthe finding that the addition of an aPKC-specific inhibitor
this issue, we should perform perfectly corresponding(PS) induced the leakage of endogenous PAR-1b into
experiments in each organism.the apical membrane in the early stage (1 hr), although
Recent reports demonstrated that aPKC phosphory-a longer incubation with PS made the PAR-1b distribu-
lates Lgl and thereby regulates the polarity of epithelialtion indistinct (Figure 6C).
cells and neuroblasts [10, 35]. We suggested that theStrikingly, MDCK monolayers were often disrupted by
phosphorylation enables the aPKC/PAR-6 complex tooverexpression of wild-type PAR-1b (Figures 6B and
switch its binding partner from Lgl to PAR-3 and to7A). In contrast, these deleterious effects on epithelial
function for epithelial junctional formation in the initialpolarity were not induced by overexpression of T595A
stage of cell polarization [10]. On the other hand, themutant. Instead, the cells often exhibited an expansion
genetic and biochemical analyses in Drosophila sug-of the lateral membrane (the average cell heights were
gested another functional relationship between aPKC18.1  1.6 m for GFP-expressing cells [n  50], 19.3 
and Lgl, which is very similar to that proposed here for3.3 m for wild-type PAR-1b-expressing cells [n  56],
23.1  3.5 m for T595A-expressing cells [n  94]), and aPKC and PAR-1b: aPKC phosphorylates Lgl and thus
Functional Hierarchy between aPKC and PAR-1b
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Figure 5. aPKC Generates a 14-3-3 Binding
Site on PAR-1b by Phosphorylating T595
(A) Coimmunoprecipitation of endogenous
14-3-3 with His/T7-tagged wild-type PAR-1b
or T595A in MDCK cells. T7-immunoprecipi-
tates resolved by SDS-PAGE were immu-
noblotted with omni probe and anti-14-3-3
antibody that crossreacts with various 14-
3-3 species.
(B) Blot overlay assay showing the phospho-
T595-dependent, direct interaction of 14-3-
3 with the C-terminal fragment of human
PAR-1b (C1: 248–787 aa). Indicated MBP fu-
sion proteins were incubated with or without
recombinant aPKC in the presence of ATP.
Each sample was transferred to a blot mem-
brane after SDS-PAGE and probed with wild-
type GST-14-3-3. Bound 14-3-3 was de-
tected with the anti-GST antibody.
(C) Top panel: the results of overlay assay
using the 14-3-3 K49E mutant instead of
wild-type. Bottom panels: competitive sup-
pression of 14-3-3/PAR-1b interaction by
T595 phosphopeptide. The overlay assay was
performed as in (B) with or without an excess
amount of an indicated peptide. T595-phos-
phopeptide is a peptide used to generate the
anti-T595-P antibody, whereas the control
peptide is a peptide with the same sequence
without T595 phosphorylation.
(D) Endogenous interaction between 14-3-3/ and PAR-1b in MDCK cells. The soluble and membrane bound fractions of MDCK cells prepared
as described in Experimental Procedures were subjected to immunoprecipitation with indicated IgG (5 g) and immunoprecipitates were
probed with anti-PAR-1b, anti-phospho T595, anti-aPKC, and anti-14-3-3/ antibodies. Quantitative values for each signal were normalized
by the amount of PAR-1b in each immunoprecipitate, and ratios are calculated as indicated.
restricts its activity to the basolateral membrane to present, we do not know the molecular basis of these
localization-dependent contradictory functions of PAR-maintain epithelial polarity [35, 36]. It raises the possibil-
ity that Lgl and PAR-1b have a closely related function 1b for epithelial polarity. However, as suggested for
PAR-1b activity that regulates epithelial lumen polarityin mammalian epithelial cells, which is currently under
[31], the MARK (microtubule affinity-regulating kinase)investigation in our laboratory.
activity affecting microtubule organization [37] may also
be involved in these complex functions of PAR-1b. Con-
sidering the fact that microtubules in epithelial cells arePossible Dual Functions of PAR-1b and Their
highly stabilized compared with fibroblasts [38], the se-Regulation by aPKC
questration of the MARK activity of PAR-1b at the lateralIn the course of this study, we noted that the overexpres-
membrane is crucial for epithelial cells to maintain theirsion of a PAR-1b mutant, PAR-1b511-661, lacking a
polarity. The dual functions of PAR-1b might be impor-large part of the spacer domain including T595, cannot
tant for tissue development, in which dynamic changeslocalize at the lateral membrane, and disrupts the mono-
in epithelial cell polarity are critical. Recently, Hurov etlayer sheet of MDCK cells even at low expression levels
al. have demonstrated that the phosphorylation of PAR-comparable to those of endogenous PAR-1b (Figures
1b by aPKC suppresses the kinase activity of PAR-1b7A and 7C): cells were round and piled up abnormally,
in nonpolarized cells [29]. These results suggest an addi-and the disruption of the asymmetric distribution of F-actin
tional possibility that aPKC phosphorylation not onlywas observed, although gp135 staining was still ob-
induces the dissociation of PAR-1b from the lateralserved at the free surface. These results explain why
membrane, but also suppresses the deleterious effectthe overexpression of wild-type PAR-1b, which should
of soluble PAR-1b on epithelial cell polarity.result in an increase in both lateral membrane bound
PAR-1b and cytosolic PAR-1b expression levels, showed
complex phenotypes described above (Figures 6B and Experimental Procedures
7B). These are also consistent with the previous results
of Bohm et al. that the overexpression of a C-terminal Molecular Biology
Human PAR-1b was cloned by PCR from a HeLa cDNA library onfragment of PAR-1b, responsible for membrane binding,
the basis of the published sequence [17]. It corresponded to thedisrupts the epithelial polarity of MDCK cells by inducing
PAR-1b isoforms registered in GenBank as human EMK1/MARK2the exclusion of cells from the monolayer [21]. Taken
(accession number: X97630, NM_017490). After sequence verifica-
together with the results on T595A mutant, these results tion, the full length and the various desired cDNA fragments were
suggest that PAR-1b exerts dual effects on epithelial subcloned into appropriate vectors: pEB6CAG [30], pSRD or its
deliberative vector (pSRHis) [39], pGEX (Amersham), and pMALpolarity depending on its subcellular localization. At
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Figure 6. T595 Phosphorylation by aPKC Is
Essential for the Exclusion of PAR-1b from
the Apical Membrane and for the Regulation
of Its Activity to Develop Epithelial Membrane
Domains
(A) Detailed analysis of the localization of
wild-type PAR-1b and T595A mutant (upper
panel) in polarized MDCK cells and its relation
with the localization of PAR-3 (middle panel).
MDCK cells stably expressing wild-type PAR-
1b or T595A mutant were stained for omni
probe (top) and PAR-3 (middle). Bottom pan-
els are merged images. Only z-sectional
views are presented. Arrows indicate the
sites where PAR-1b T595A colocalizes with
PAR-3 at TJ.
(B) Effects of PAR-1b overexpression on epi-
thelial cell polarity. MDCK cells highly ex-
pressing wild-type PAR-1b, T595A, or kn
(K82E) were stained for omni probe (green)
and gp135 (red). Arrows indicate the sites
where PAR-1b T595A invades into apical tip
of the lateral membrane, whereas an arrow-
head indicates an intercellular lumen ob-
served in T595A-expressing cells.
(C) The effect of inhibition of aPKC activity on
the localization of PAR-1b. Polarized MDCK
cells were treated with 40M PS or the vehi-
cle (H2O) for 1 hr or 3 hr and stained for PAR-
1b (green) and ZO-1 (red).
(D) Schematic illustration summarizing data
presented here. In polarized epithelial cells,
aPKC (red) phosphorylates T595 of PAR-1b
(green) at TJ and induces its dissociation from
the lateral membrane in cooperation with 14-
3-3/PAR-5 (gray). In this manner, aPKC con-
trols PAR-1b activity in the development of
asymmetric membrane domains. Scale bars
equal 10 m.
(New England Biolabs). The EBV (Epstein-Barr Virus)-based vector, Cell Culture, Transfection, and Establishment
of pEBV Stable TransformantspEB6CAG, is an extrachromosomal vector carrying a replicational
MDCK II were cultured in Dulbecco’s modified Eagle mediumorigin (oriP) and a replication initiation factor (EBNA-1) that are suffi-
(DMEM, GIBCO) containing 10% fetal bovine serum, penicillin (100cient for autonomous replication in human and canine cells [30].
U/ml), streptomycin (0.1 g/ml), and 1 mM glutamine. The transfec-14-3-3 cDNA subcloned in pGEX was kindly provided by Dr. Isobe
tions of plasmid vectors were performed using lipofectamine Plus(Tokyo Metropolitan University, Japan). pEB6-Super for establishing
or 2000 reagents (Invitrogen) according to the manufacturer’s in-RNAi stable transformants was generated by replacing the CAG
structions. To establish stable transformants, MDCK cells (2.5 promoter in pEB6CAG with the H1-RNA promoter derived from
105 cells) were transfected with 1.6 g of EBV-based expressionpSuper, which was generously provided by Dr. Agami [40]. Site-
vectors and reseeded the next day at 1/5 cell density. 6 hr after,directed mutations were introduced using a QuickChange Site-
cells were subjected to selection using DMEM containing 800 g/mldirected mutagenesis kit (STRATAGENE) and followed by sequenc-
geneticin (GIBCO-BRL).ing verification.
RNAi Experiments
Antibodies To establish PAR-1b-depleted MDCK cells, the pEB6-Super encod-
The anti-PAR-1b antibody was raised by immunizing rabbits with ing shRNA sequence for PAR-1b RNAi [31] was transfected, and
the C-terminal fragment of human PAR-1b (C2: 484–787 aa) fused cells were selected as described above. To transiently knock down
with GST and then affinity purified. The antibody specific for PAR- aPKC in MDCK cells, we determined the partial sequences of ca-
1b phosphorylated on threonine 595 was generated by immunizing nine aPKC and  by performing RT-PCR on total RNA isolated
rabbits with the phosphopeptide VSSRS-pT-FHAGQ conjugated from MDCK II cells using an RNeasy kit (Qiagen). Primer sets were
with KLH (Keyhole Limpet Haemocyanin). The anti-PAR-3 antibody designed for the highly conserved sequence between rat, mouse,
was generated in rats using the CR3 domain (712–936) of rat PAR-3 and human aPKC or  proteins. A siRNA oligonucleotide duplex for
fused with GST. The anti-aPKC antibody, 1, was described pre- canine aPKC with the target sequence of 5	-AGTTCTGTTGGTGC
viously [28]. The anti-gp135 antibody was a generous gift from Dr. GATTA-3	 was synthesized with dTdT overhangs at the 3	 terminus
J.D. Nelson (Stanford University, CA). Other antibodies were pur- (Qiagen). The annealed siRNA duplexes (1 g) were transfected to
chased from commercial sources as follows: anti-
-tubulin, DM1A MDCK cells (4  104 cells) using RNAfect (Qiagen) according to
(Sigma); anti--actin, AC15 (Sigma); anti-ZO-1, anti-occludin, and the manufacturer’s instructions. Cells were harvested or fixed for
anti-claudin-1 (Zymed); anti-E-cadherin and anti-aPKC (Transduc- immunostaining 48 hr after the transfection. In all experiments, a
tion Laboratories); anti-aPKC (C20), anti-PP2A catalytic subunit siRNA target sequence for lamin A/C (5	-CTGGACTTCCAGAA
(1D6), anti-14-3-3 (K-19), and omni probe (M-21) (Santa Cruz); anti- GAACA-3	) and a scramble sequence provided by Dharmacon Re-
T7 antibody (Novagen); anti-MBP (New England Biolabos); and anti- search, Inc. (5	-CAGUCGCGUUUGCGACUGG -3	) were used for
control experiments.14-3-3 / (Stressgen).
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Figure 7. Dual Effects of PAR-1b Overexpression on Epithelial Polarity
(A) MDCK cells stably expressing indicated proteins using EBV-based vector were subjected to immunofluorescence analysis to examine the
role of the lateral membrane localization of PAR-1b. Omni probe or GFP (green), F-actin (red), and gp135 (blue). Note that PAR-1b511-661
does not localize to the lateral membrane and disrupts monolayer sheet of MDCK cells. Only z-sectional views are presented.
(B) xy views of the data in (A), in which confocal sections flanking the basal membrane are projected. Only F-actin staining is presented.
(C) Western blot analysis showing the expression level of wild-type PAR-1b or mutants in stably expressing MDCK cells used in this study.
Total cell extracts were separated by SDS-PAGE and immunoblotted with the indicated antibodies.
Confocal Microscopy Tris, 150 mM NaCl, 4 mM EGTA, 1% Triton X-100, 25 mM sodium
fluoride, 1 mM sodium orthovanadate, and 0.5 M OA [pH 7.5])Unless otherwise noted, MDCK cells were seeded on Transwell
filters (#3460: Millipore) at 2.5  105 cells/cm2 and cultured for 3–4 containing a cocktail of protease inhibitors (Roche) for 15 min at
4C after a brief sonication, followed by centrifugation at 100,000 days to polarize cells sufficiently. Calcium switch treatment was
performed as described previously [28]. If indicated, cells were g for 45 min. The resultant supernatants were combined. This mem-
brane fraction and the S2 fraction adjusted to 150 mM NaCl andtreated with a medium containing 50–100 nM okadaic acid (CALBIO-
CHEM) or 40 g/ml myristoylated aPKC pseudosubstrate peptide 1% Triton X-100 were mixed with protein A-sepharose conjugated
with the affinity-purified anti-PAR-1 antibody or normal rabbit IgG[41] (synthesized by Peptide Institute) before fixation. To stain en-
dogenous PAR-1b, cells were fixed with 0.5% paraformaldehyde (5 g) for 2 hr at 4C. When immunoprecipitation was performed
without cell fractionation, MDCK cells were directly solubilized inand then permeabilized with 0.5% Triton X-100, whereas 2% para-
formaldehyde was used to stain overexpressed PAR-1b with the the lysis buffer and mixed with protein A or G Sepharose (Amersham)
conjugated with indicated antibodies.anti-tag epitope antibody (omni probe). Cells were then subjected
to standard immunostaining procedures as described before [28].
For the visualization of F-actin, cells were labeled with rhodamine- Overlay Assay
phalloidin (Molecular Probes). The samples were examined under 60 ng of the appropriate MBP fusion protein separated by SDS-
a Zeiss LSM510 confocal microscope using the 40 objective. PAGE was blotted onto a polyvinylidene difluoride membrane (Milli-
pore) and then treated as described previously [42]. The membrane
was overlaid with 10 g/ml GST-14-3-3 or its K49E mutant in theCell Fractionation and Immunoprecipitation
presence or absence of competitive peptides (100 M) at 4C over-Confluent MDCK cells on 10 cm dish were harvested in 800 l of a
night. The bound GST-14-3-3 was detected with the anti-GST an-hypotonic buffer (25 mM Tris, 50 mM NaCl, 4 mM EGTA, 25 mM
tibody.sodium fluoride, 1 mM sodium orthovanadate, and 0.5 M OA [pH
7.5]) containing a cocktail of protease inhibitors (Roche) and were
Supplemental Datahomogenized by repeated passages (30 times) through a 27-gauge
One supplemental figure can be found at http://www.current-biology.needle. The resulting lysates were fractionated by subsequent cen-
com/cgi/content/full/14/16/1425/DC1.trifugation into P0 (pellet of 500  g for 5 min), P1 (pellet of 20,000 
g for 20 min), P2 (pellet of 100,000  g for 45 min), and S2 (superna-
tant of 100,000  g for 45 min). Each pellet was solubilized using Acknowledgments
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